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ABSTRACT: Carbon nanotubes are 1D nanocarbons with excellent properties and have been 
extensively used in various electronic and optoelectronic device applications including solar 
cells. Herein, we report a significant enhancement in the efficiency and stability of perovskite 
solar cells (PSCs) by employing single-walled carbon nanotubes (SWCNTs) in the mesoporous 
photoelectrode. It was found that SWCNTs provide both rapid electron transfer and 
advantageously shifts the conduction band minimum of the TiO2 photoelectrode and thus 
enhances all photovoltaic parameters of PSCs. The TiO2-SWCNTs photoelectrode based PSC 
device exhibited a power conversion efficiency (PCE) of up to 16.11%, while the device 
fabricated without SWCNTs displayed an efficiency of 13.53%. More importantly, we found that 
the SWCNTs in the TiO2 nanoparticles (TiO2 NPs) based photoelectrode suppress the hysteresis 
behavior and significantly enhance both the light and long-term storage-stability of the PSC 
devices. The present work provides important guidance for future investigations in utilizing 
carbonaceous materials for solar cells. 
 
1. INTRODUCTION 
Since the pioneering work on organometal halide perovskite (ABX3, A = organic cation, B = 
metal cation, and X = halide) based photovoltaic (PV) cells was reported in 2009,1 perovskite 
solar cells (PSCs) have attracted significant attention and are now sitting in the spotlight as a 
promising technology for renewable energy production.2-4 This emerging PV system, in 
comparison to traditional silicon solar cells, promises to be less expensive, lighter, more flexible 
and portable.5-9 More importantly, the power conversion efficiency (PCE) of these PV devices 
has reached a certified value of 22.1% and is approaching that of the conventional silicon solar 
cells.10-12 
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High PCEs have been mainly achieved using mesoscopic structured PSCs.12-14 The heart of the 
mesoscopic PSC system is a semiconducting oxide electron transporting material (ETM) that 
collects photogenerated electrons from the perovskite light absorber and injects them into an 
external circuit. Typically, nanocrystalline TiO2 particles are used as the ETM.15, 16 However, the 
electron transport in the disordered TiO2 nanocrystallite network involves a random transit path 
and numerous grain boundaries increasing the rate of charge recombination and thus limiting 
device efficiency.17-19 Therefore, designing photoelectrodes with improved charge transport 
pathways is expected to enhance the efficiency of PSCs. 
A variety of strategies have been developed to improve the electron transport properties of PSC 
photoelectrodes.20-23 In particular, graphene and its derivatives for use in the photoelectrodes of 
PSCs have recently attracted increasing attention due to graphene’s availability, high 
conductivity and suitable energy levels.19, 24, 25 Although PSCs based on photoelectrodes with 
various graphene derivatives incorporated have shown enhancement in the performance 
compared to their control devices, the obtained efficiencies are still limited probably due to the 
structural defects of the graphene sheets created during the production process. In this regard, 
carbon nanotubes (CNTs), particularly single-walled (SWCNTs), are expected to exhibit 
significant enhancement in the PCE of PSCs because of their unique structure and excellent 
properties. It is worth noting that in dye-sensitized solar cell (DSSC) systems, CNTs have been 
shown to be more effective in enhancing the PCE than other carbon materials.26, 27 Despite this 
great promise, there has been no effort focused on employing CNTs in nanocrystalline TiO2 
photoelectrodes for PSCs. 
Herein we introduce SWCNTs into the nanocrystalline TiO2 porous layers to fabricate PSC 
devices illustrated in Scheme 1. The incorporation of SWCNTs into the PSC photoelectrodes 
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was found to be far more effective than the other types of nanocarbon materials including 
graphene and its derivatives. By finding an optimal loading of SWCNTs, the PSC device 
fabricated based on TiO2 NPs-SWCNTs hybrid photoelectrode achieved a maximum PCE of 
16.11%, which was significantly higher than that (13.53%) of the TiO2 NPs based control cells. 
In addition to this impressive PCE, we found that the use of SWCNTs in the nanocrystalline 
TiO2 photoelectrodes reduces the anomalous hysteresis behavior and considerably enhances the 
light- and long-term storage-stability of the PSC devices. 
 
Scheme 1. (a) Schematic representation (left) and cross sectional SEM image (right) of the TiO2 
NPs-SWCNTs photoelectrode based PSC device. (b) Schematic illustration of the improved 
charge transport process in the TiO2 NPs-SWCNTs nanocomposite. 
 
2. EXPERIMENTAL SECTION 
2.1. Materials 
All chemicals and reagents were purchased from Sigma-Aldrich, unless otherwise specified. 
(2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene) (Spiro-OMeTAD) was 
obtained from Solaronix, Switzerland. A fluorine-doped tin oxide (FTO) coated glass electrode, 
transparent titania (TiO2) paste (18NR-T), methylammonium iodide (CH3NH3I), tris(1-(pyridin-
2-yl)-1H-pyrazol)cobalt(III)tris(hexafluorophosphate) (FK102 Co(III) PF6) salt were purchased 
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from Dyesol, Australia. Arc-discharge SWCNTs (P3-SWNT) were purchased from Carbon 
Solution Inc., Riverside, CA, USA. 
 
2.2. Preparation of TiO2 NPs-SWCNTs nanocomposites 
The stock solution (aqueous) of SWCNTs with 1 mg mL–1 concentration was prepared according 
to the previous reported method.28 Briefly, SWCNTs (10 mg, P3-SWNT) were bath sonicated for 
1 h in aqueous Triton-X 100 (10 mL, 1% v/v). On the other hand, the commercially available 
TiO2 paste (Dyesol, 18NR-T) was diluted in ethanol (1:5.5 w/w). In order to prepare the TiO2 
NPs-SWCNTs, an appropriate volume of the CNTs stock solution was added into the diluted 
TiO2 dispersion. The concentration of SWCNTs in the nanocomposite was adjusted by changing 
the volume of CNT solution. 
 
2.3. Device Fabrication 
FTO-coated glass substrates were first etched using 2M HCl and Zn powder. Then the etched 
FTO substrates were cleaned with a detergent (Pyroneg) and washed with acetone, ethanol, and 
DI water using an ultrasonication for 10 min each. A 50 nm TiO2 compact layer was deposited 
onto the FTO substrate via spin coating 0.15 M titanium diisopropoxide bis(acetylacetonate) (75 
wt% in isopropanol, Aldrich) in 1-butanol. The spin coating was carried out for 25 s at 2000 rpm 
with a ramp of 1000 rpm s–1. After each spin coating, the electrodes were dried by heating at 150 
oC for 15 min in air. Upon cooling to room temperature, the mesoporous TiO2 layer without 
and/or with SWCNTs was deposited onto the compact TiO2 film by spin coating the previously 
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prepared (diluted) TiO2 solution with different amounts of SWCNTs for 25 s at 4000 rpm with a 
ramp of 2000 rpm s–1. The photoelectrodes were then heated gradually in air at 125 oC for 5 min, 
325 oC for 5 min, 375 oC for 15 min, and 450 oC for 1 h. After cooling to room temperature, the 
films were immersed in a 20 mM aqueous TiCl4 solution at 90oC for 15 min and the resulting 
films were again annealed at 450 oC for 1 h. After cooling to ~120 oC, the films were transferred 
into a nitrogen-filled glove box for the deposition of perovskite layer, hole transport layer (HTL) 
and Au electrode. 
PbI2 (0.507 g) and CH3NH3I (0.175 g) were mixed in anhydrous dimethylsulfoxide (DMSO, 1 
mL) to prepare the perovskite precursor solution. The deposition of the perovskite layer was 
performed according to a previously established spin coating method.29, 30 The spin coating 
recipe includes two steps, first 1000 rpm for 10 s with a ramp of 250 rpm s–1, then 5000 rpm for 
30 s with a ramp of 2000 rpm s–1. ~12 s before the end of the spin-coating program, anhydrous 
chlorobenzene (120 µL) was gently dropped on the centre of spinning substrate. The films were 
then heated at 100 oC for 1h in a glovebox. 
After drying the perovskite coated films in the glove box, the hole transporting material (HTM) 
(50 µL) was deposited onto the perovskite layer by spin coating for 20 s at 4000 rpm with a ramp 
of 2000 rpm s–1. The HTM was prepared by dissolving 28.9 mg Spiro-OMeTAD, 11.5 µL 4-tert-
butylpyridine (tBP), 7.0 µL of a stock solution of 520 mg mL–1 lithium 
bis(trifluoromethylsulphonyl)imide (Li-TFSI) in acetonitrile and 9.0 µL of a stock solution of 
100 mg mL–1 FK102 Co(III) PF6 salt in acetonitrile, in 400 µL chlorobenzene. After the HTM 
deposition, the films were stored overnight in a dry air desiccator. Finally, 50 nm gold electrodes 
were thermally evaporated (Angstrom Engineering Covap) at a rate of 1 Å s–1 under high 
vacuum through a shadow mask. 
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2.4. Measurement and Characterization 
Scanning electron microscopy (SEM) images were obtained using an Inspect F50 SEM (FEI) 
with accelerating voltage of 20 kV. Raman confocal spectroscopy and spectral mapping were 
completed using a Witec Alpha 300RS with a 40 x objective and 532 nm laser excitation. Raman 
single spectra were acquired with integration times of 5 s and 3 accumulations. The Raman 
spectral image was obtained by collecting a series of 100 x 100 single spectra (0.5 s integration 
per spectrum) over an area of 20 x 20 μm. Electrochemical impedance spectroscopy (EIS) was 
carried out with an Autolab PGSTAT128N on the fabricated PSC devices. Analysis was 
completed under light at 0.3 V bias with 10 mV modulation over the frequency range of 100000 
– 0.1 Hz. Measurements were taken under illumination from an optic fibre light source (Dolan-
Jenner Fiber-Lite 190-1) at ∼35 mW cm–2, which was measured with a light meter (Newport 
Power Meter, model 1815-C). Sheet resistance measurements were performed on the same films 
using a four point probe technique (KeithLink Technology Co., Ltd. Taiwan). Steady-state 
photoluminescence (PL) measurements were performed with a Cary Eclipse Flourescence 
Spectrophotometer (Agilent Technologies), using an excitation wavelength of 445 nm. 
The photocurrent–voltage (J–V) characteristics were analysed using a Keithley 2400 SMU 
instrument and recorded using a custom LabView Virtual Instrument program. A standard 
Silicon test cell with NIST-traceable certification was used to calibrate the power density at 100 
mW cm–2 at the sample plane of the collimated a 150W xenon-arc light source (Newport), which 
was passed through an AM 1.5G filter. The scan rate and delay time are 200 mV s–1 and 30 ms, 
respectively. The active area of the devices was 0.1 cm2. The devices were masked with a non-
reflective mask of 0.1 cm2 and were tested in an air atmosphere without encapsulation. No 
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device preconditioning, such as prolonged light soaking, forward voltage biasing, or 
equilibration time was used. The incident-photon-to-current conversion efficiency (IPCE) spectra 
ranging from 300 nm to 800 nm were taken by passing chopped light from a xenon source 
through a monochromator and onto the devices. The light intensity of the illumination source 
was adjusted using a photodiode detector (silicon calibrated detector, Newport). 
 
3. RESULTS AND DISCUSSION 
SWCNTs were incorporated into the TiO2 NPs photoelectrode by mixing solution processed 
SWCNTs with the TiO2 paste prior to deposition ((SEM images of starting materials are 
provided in Figure S1, supporting information (SI)). Figure 1a shows the top view SEM image 
of the prepared TiO2 NPs-SWCNTs nanocomposites. It is difficult to directly observe the well 
dispersed SWCNTs within the TiO2 NP matrix. Given the low loading of the SWCNTs (0.10 % 
w/w), this was expected. Therefore, Raman spectral microscopy was used to determine SWCNT 
homogeneity in the film. 
Raman spectroscopy is an important tool for analyzing carbon nanomaterials and has frequently 
been used to confirm the presence of nanocarbons in composites or hybrids.24, 26, 28 Raman 
spectra of the samples were collected and are plotted in Figure 1b to further confirm the 
existence of SWCNTs in the nanocomposite. The Raman peaks located at around 150, 398, 518 
and 641 cm–1 correspond to the typical modes of the anatase TiO2.24 The SWCNT spectra 
showed the feature peaks at 1357 and 1597 cm–1, which can be assigned to the disorder-induced 
“D” band and the “G” band, in addition to the typical radial breathing mode (RBM) and “G′” 
band peaks. When analyzing the composite film (blue series, Figure 1b) Raman signals 
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corresponding to both TiO2 NPs and CNTs throughout the sample were observed. Confocal 
Raman spectral microscopy maps of the TiO2 NPs-SWCNTs nanocomposites shown in Figure 1c 
illustrate the distribution of SWCNTs throughout the TiO2 NP matrix, confirming that the 
existence of both TiO2 and SWCNTs in the sample. 
 
 
Figure 1. (a) Top-view SEM image of TiO2 NPs-SWCNTs nanocomposite. (b) Raman spectra of 
TiO2 NPs, SWCNTs and their nanocomposite. (c) Raman spectral mapping the same area (20 x 
20 mm) showing distribution of TiO2 NPs (left, green) and SWCNTs (right, orange) in the 
composite. The color scale represents the sum of the anatase TiO2 and CNT related signal, 
respectively. 
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After confirming the presence of SWCNTs throughout the TiO2 NP film, the SWCNT content 
was varied to determine optimal content to maximize the PCE of PSCs. Five photoelectrodes of 
different SWCNT contents in the composite were used from 0 wt% to 0.50 wt% to fabricate 
PSCs such as the representative cell illustrated in Figure S2. Our PSCs were fabricated based on 
CH3NH3PbI3 which was deposited on TiO2 NPs films with and without SWCNTs. The PV 
characteristics of these PSCs were evaluated using simulated AM1.5 sunlight with an output 
power of 100 mW cm−2 and are shown in Figure S3. Detailed PV parameters of these PSCs have 
been summarized in Figure 2 and Table 1. 
 
Figure 2. Plots of (a) Jsc, (b) Voc, (c) FF and (d) PCE of the PSCs as a function of SWCNT 
concentration in the TiO2 films. 
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Starting from the control PSCs fabricated based on TiO2 NPs-only photoelectrodes, the average 
short-circuit current (Jsc), open-circuit voltage (Voc) and fill factor (FF) are 19.03 mA cm–2, 
0.986 V and 0.68, respectively. With increasing SWCNT loading in the TiO2 NPs 
photoelectrodes, both the Jsc and Voc values of the devices increased to 21.62 mA cm–2 and 1.022 
V, respectively, peaking at 0.10 wt%, followed by a decrease with further increases in the 
concentration of SWCNTs. The changes in the Jsc values can be traced to the conductivity of the 
CNTs and their ambipolar nature. The improved current must result from the improved 
conductivity of the films initially however the addition of large amounts of CNTs introduces 
many junctions which will act as recombination points. These two competing factors will see a 
peaked dependence of current as a function of CNT loading completely in line with other 
observations. It is important to note that CNTs can also transport holes which will increase their 
lifetime in the photoelectrode and this will, at higher CNT loadings, lead to increased 
recombination lowering the observed current.27, 31 The increase in recombination rate in the 
photoelectrode at high loadings is also clear in the decrease in the FF at the highest loadings. 
There are some changes in the Voc with loading. Importantly, for the lower SWCNTs loadings, 
the Voc is higher than that observed for the electrode without the SWCNT which will be 
explained later. At the very highest loadings, the Voc is lower than that without SWCNT likely 
due to increased conduction pathways that are not part of the core circuit producing current. The 
enhanced PV parameters of PSC devices after incorporating the optimum amount of SWCNTs in 
the TiO2 NPs photoelectrodes are systematically investigated and comprehensively discussed in 
the following section. 
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Table 1. PV parameters of PSCs fabricated based on TiO2 NP photoelectrodes with different 
SWCNTs loadings. Parameters of the best cells are highlighted in bold. The average values were 
calculated based on at least five devices. 
Device Jsc (mA cm–2) Voc (V) FF PCE (%) 
TiO
2
 NPs-only 19.485; 
19.03 ± 0.56 
0.988; 
0.986 ± 0.008 
0.70; 
0.68 ± 0.02  
13.53; 
12.88 ± 0.56 
0.05 wt% SWCNTs 20.870; 
20.42 ± 0.45 
1.010; 
1.002 ± 0.010 
0.69; 
0.68 ± 0.01 
14.50; 
14.10 ± 0.35 
0.10 wt% SWCNTs 21.964; 
21.62 ± 0.58 
1.041; 
1.022 ± 0.014 
0.70; 
0.69 ± 0.02 
16.11; 
15.58 ± 0.47 
0.25 wt% SWCNTs 20.431; 
19.86 ± 0.52 
1.035; 
1.031 ± 0.004 
0.70; 
0.68 ± 0.02 
14.72; 
14.27 ± 0.39 
0.50 wt% SWCNTs 18.975; 
18.66 ± 0.41 
0.956; 
0.946 ± 0.020 
0.64; 
0.62 ± 0.02 
11.64; 
11.02 ± 0.59 
 
The average efficiency of the cells increased from 12.88% (without SWCNTs) to a maximum 
average of 15.58% (0.10 wt%), followed by a decrease at higher content (0.25 and 0.50 wt%) of 
SWCNTs. The optimum PV parameters for the PSCs were achieved for the 0.10 wt% SWCNTs 
incorporated TiO2 NP photoelectrode. The measured Jsc, Voc and FF values for the best 
performing TiO2 NPs-SWCNTs photoelectrode based device were 21.96 mA cm–2, 1.041V and 
0.70, respectively, yielding a PCE of 16.11%, which was significantly higher than that (13.53%) 
of the best control PSCs fabricated without SWCNTs in the photoelectrodes (see Figure 3a). 
Notably, this efficiency (16.11%) achieved using our SWCNTs incorporated TiO2 NP 
photoelectrode is higher than other reported values of the PSC devices based on photoelectrodes 
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with carbonaceous content.19, 23-25, 32, 33 Moreover, the reproducibility of PSCs based on both 
TiO2 NPs-only (control) and TiO2 NPs-SWCNTs photoelectrodes is displayed in Figure 3b, 
indicating that the performances of these efficient PSCs are highly reproducible. This result 
confirms that the addition of SWCNTs in the photolectrodes does not alter the reproducibility of 
the PSC devices. 
Of the major factors affecting PCE (FF, Voc, Jsc), the incorporation of SWCNTs increases Voc 
and Jsc but does not alter FF (see Figure 2). It is important to note that although the incorporation 
of carbon nanomaterials such as graphene and its derivatives into the PSC photoelectrodes was 
found to improve the cell efficiency in previous studies, the Voc in these studies have remained 
unchanged or decreased.19, 25 In contrast, in the present work, the Voc values of the 
nanocrystalline TiO2 photoelectrode based PSC devices increased by ~50 mV after adding 
SWCNTs (Voc for the control device fabricated based on TiO2 only was 0.988 V while Voc for the 
optimum SWCNTs incorporated cell was 1.041 V). Density functional theory calculations have 
shown that SWCNT interaction with TiO2 (101) raises the conduction band minimum (CBM) in 
comparison to the TiO2 semiconductor.31 The Voc in PSC devices is determined by the energy 
difference between the CBM of the ETM and the valence band maximum of the HTM.34 This 
theoretical study supports our experimental observation of SWCNT incorporation into the TiO2 
photoelectrode increasing the Voc of PSCs. It should be noted that despite this theoretical 
explanation, a considerable drop in the PV parameters of the PSCs was observed for the 0.50 
wt% SWCNTs incorporated TiO2 photoelectrode. This is probably due to the fact that SWCNT 
is acting as a hole transporting material, which leads to a possible charge recombination within 
the device.22 
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Figure 3. (a) J–V curves of the best performing PSCs fabricated with and without SWCNTs 
(0.10 wt%) in the photoelectrodes measured under 100 mW cm−2 (AM 1.5G) illumination. (b) 
Histogram of the PCE of devices based on TiO2 NPs-only and TiO2 NPs-SWCNTs 
photoelectrodes. (c) IPCE spectra and (d) Nyquist plots of EIS measurements of the devices 
measured under illumination at 0.3 V bias (Voc). 
 
With theoretical support to explain the observed increase in Voc after adding SWCNTs, we 
sought further experimental evidence to explain the increased Jsc. Figure 3c displays the IPCE 
spectra of TiO2 NPs-only and TiO2 NPs-SWCNTs photoelectrodes based PSCs. The device with 
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SWCNT shows a clear improvement in IPCE across the entire wavelength range (from around 
350 nm to 760 nm). Since the Jsc of the device can be determined from the IPCE spectra, the 
higher IPCE value with SWCNTs was expected. The integrated Jsc values from the IPCE spectra 
for the PSCs fabricated with TiO2 NPs-only and TiO2 NPs-SWCNTs films were 17.30 and 19.20 
mA cm–2, respectively, which are in agreement (within ±10% error) with the measured Jsc from 
the J-V characteristics of fresh devices. More importantly, the Jsc difference (1.90 mA cm–2) 
obtained from the integrated IPCE spectra of TiO2 NPs-only based device and TiO2 NPs-
SWCNTs based cell was very close to that (2.30 mA cm–2) calculated from the J-V 
characteristics, confirming the relationship of the J–V curves to the IPCE spectra under AM1.5G 
conditions. The wavelength independent improvement of IPCE suggests the SWCNT are 
passively improving charge transfer. 
EIS was carried out to investigate the interfacial charge transfer properties of the devices. The 
EIS measurements were carried out at an applied bias of 0.3V under illumination at 35 mW cm–2 
in ambient atmosphere. Figure 3d shows the Nyquist plots derived from the results of EIS spectra 
of TiO2 NPs-only and TiO2 NPs-SWCNTs photoelectrode based PSC devices, in which two RC 
arcs were observed. It is well established that the first arc at the higher frequency (R1) is 
attributed to the charge-transfer resistance (Rct), while the second arc at the lower frequency (R2) 
is related to the recombination resistances of the fabricated PSC devices.31, 35 Here we focused on 
the Rct of the devices. The SWCNTs employed PSC device exhibited lower Rct (320 Ω) as 
compared to the control cell (376 Ω), indicating improved electron transport properties. The 
combination of IPCE and EIS suggest the enhanced Jsc by incorporating SWCNT results from 
improved electron transfer through the photoelectrode. This improvement in the electron 
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transport properties of the photoelectrodes is expected to suppress the charge recombination rate 
of the PSC devices. 
To further investigate the reduction of the charge recombination rate at the PSC photoelectrodes 
in the presence of SWCNTs, dark J-V measurements of the devices were carried out to study the 
diode properties (see Figure 4a). From the dark J-V measurement, saturation-current (Jsat) values 
and ideality factor were obtained for both the TiO2 NPs-only and TiO2 NPs-SWCNTs 
photoelectrodes based PSC devices. As shown in Table S1, the Jsat values of the PSCs fabricated 
with SWCNTs in the photoelectrodes (1.05 (± 0.38) x 10-10 mA cm-2) were nearly five times 
lower than that (5.47 (± 0.21) x 10-10 mA cm-2) of the TiO2 NPs-only based cells. Interestingly, 
the average ideality factor of TiO2 NPs-SWCNTs photoelectrodes based PSCs is approximately 
1.31 ± 0.14, while the control devices showed average ideality factor of 1.46 ± 0.14. We note 
that the ideality factors of our devices were considerably lower than those reported in recent 
study using graphene derivatives incorporated mesoporous TiO2 NPs films based PSCs.25 A 
lower Jsat value and an ideality value closer to 1 both indicate less charge recombination from 
reverse current and charge trapping is occurring in the diode.25, 28, 36, 37 Moreover, the 
measurement of sheet resistance (Rs) of the thin films (on glass substrates) was carried out using 
a four point probe to explore the mechanism of Jsc enhancement of the devices. The Rs of the 
TiO2 films with SWCNTs was 1.86 ± 0.01 x 106 Ω, which was nearly 2.5 times lower than that 
(4.51 ± 0.005 x 106 Ω) of the TiO2 NPs-only films. This reduction in the Rs of the films is due to 
the high conductivity of SWCNTs that decreases the interfacial resistance between TiO2 NPs. 
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Figure 4. (a) Representative J–V curves of the PSCs fabricated with and without SWCNTs in the 
TiO2 NPs photoelectrodes measured in dark condition in semi-logarithmic scale. (b) Steady-state 
PL spectra and (c) UV-vis absorption spectra of perovskite films prepared on the FTO/TiO2–only 
and FTO/TiO2-SWCNTs. 
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The charge dissociation and recombination processes of the PSCs fabricated based on TiO2 NPs 
photoelectrodes with and without SWCNTs were studied using photoluminescence (PL) 
spectroscopy. The PL spectra, depicted in Figure 4b, of the perovskite films on FTO/TiO2 NPs 
and FTO/TiO2 NPs-SWCNTs were collected with an excitation wavelength of 445 nm. The PL 
peak at around 780 nm in Figure 4b is consistent with the previously reported emission from 
CH3NH3PbI3.38 It can be clearly seen from Figure 4b that the PL intensity of the TiO2 NPs-
SWCNTs based film is about 30% lower than that of the TiO2 NPs-only based film. It is well 
known that the rapid recombination of the photogenerated electrons and/or holes leads to 
emission of strong PL. A lower PL emission intensity indicates a decrease in the radiative 
recombination and better separation of the excitons.38 This shows that the SWCNTs as electron 
collectors and transporters can benefit the charge transfer process in the TiO2 NPs-SWCNTs 
films and suppress charge recombination. In addition to the PL characteristic of only half device 
(FTO/ETM/perovskite) such as that reported in this study, a comprehensive investigation on the 
PL characteristics of full devices has been carried out by Tvingstedt and co-workers.39 
These results indicate that the SWCNTs incorporated TiO2 NPs photoelectrodes based PSCs 
have reduced charge recombination as compared to the TiO2 NPs-only based devices. In 
addition, the device fabricated with SWCNTs exhibited reduced series resistance (Rseries, Table 
S1) (77.3 ± 7.96 Ω for the cells with SWCNTs and 111 ± 10.5 Ω for the devices without 
SWCNTs), which further confirms the Rct of the cells obtained from the EIS analysis. Moreover, 
we note that no difference in light absorption including the intensity of the perovskite films was 
observed after adding 0.10 wt% SWCNTs into the TiO2 NPs films (Figure 4c). This indicates 
that the use of small amount of SWCNTs does not significantly change the crystallization of 
perovskite. 
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Widespread commercial application of PSC will not become a reality without significant 
improvement to stability and reduction of J-V hysteresis. We have compared the hysteresis 
behavior and stability of PSCs with and without SWCNTs.  
 
 
Figure 5. Representative J–V curves of the (a) TiO2 NPs-only and (b) TiO2 NPs-SWCNTs 
photoelectrode based PSCs measured with reverse and forward scans. PCE differences are 
calculated using Eq. 1. Standard deviations are calculated based on at least 3 devices. The scan 
rate was 200 mV s–1. 
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Anomalous hysteresis behavior observed during the J-V analysis of PSCs limits their stabilized 
power output under working conditions and causes serious issues for the device stability and 
PCE accuracy.40, 41 J-V curves of the devices (at least 3 cells for each device structure) measured 
were recorded using different scan directions (reverse and forward) and the representative results 
are plotted in Figure 5a and 5b. Detailed PV parameters have been summarized in Table S2. To 
provide reasonable comparison, PCE difference (known as the difference factor)42 of the PSCs 
was calculated according to the following equation. 
 
  Eq. (1) 
 
From the Eq. (1), a high PCE difference means the cells show large hysteresis and distortion. For 
the control cell without SWCNTs, the calculated average PCE difference was 19.22 ± 1.63%, 
which was considerably higher than that (12.36 ± 2.43%) of the TiO2 NPs-SWCNTs 
photoelectrode based PSC device. Therefore, it is clear that the use of SWCNTs in the 
nanostructured photoelectrodes significantly reduced the hysteresis behavior of the PSCs. 
Although the fundamental mechanism of hysteretic J-V behavior in the PSC devices is not well 
understood, recent theoretical and experimental studies put forward several explanations. It has 
been reported that an anomalous hysteresis in PSCs arises from the trap-assisted charge 
recombination at the interface between perovskite and ETM.25, 43 Therefore, the reduced 
hysteresis of our PSC devices fabricated with TiO2 NPs-SWCNTs photoelectrodes may be 
explained by the decreased recombination at the perovskite and ETM interfaces. 
Solar cell stability and lifetime is one of the most significant road blocks toward 
commercialization of PSCs in the quickly growing renewable electricity generation market. In 
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particular, CH3NH3PbI3 based PSC devices suffer from intrinsic instability under continuous 
light and humid conditions, although they can exhibit remarkable performance. Here we 
investigated both the light- and long-term storage-stability of the PSCs with and without 
SWCNTs in the photoelectrodes (Figure 6). 
The light-stability of the unencapsulated PSCs fabricated with TiO2 NPs-only and TiO2 NPs-
SWCNTs photoelectrodes, shown in Figure 6a, was evaluated and tested by exposing cells to 
continuous light illumination (100 mW cm−2, xenon lamp) under ambient conditions. It can be 
seen that the devices employing SWCNTs exhibited relatively better stability than the TiO2 NPs-
only photoelectrode based devices. For instance, the Jsc value of the control devices degraded by 
41% after 40 min, whereas the cells fabricated with SWCNTs only degraded by ~26% of their 
initial Jsc. In our study, the PCE degradation of the devices under prolonged light soaking is 
mainly due to the photocurrent reduction, which is in good agreement with recent comprehensive 
investigations of PSC stability by Snaith’s group.44, 45 It was reported that upon exposure of the 
TiO2 to light, the holes in valence band recombine with adsorbed molecular oxygen, causing 
desorption and leaving positively charged deep trap sites in the TiO2 surface. These deep trap 
sites then act as sinks for electrons, with recombination of the trapped electrons occurring 
directly with the holes in the perovskite or HTM.45 In this regard, the SWCNTs with their 
excellent conductivity may be suppressed this recombination process by providing an alternative 
charge transport path and thus improving the device stability. Additionally it is well known that 
SWCNTs adsorb molecular oxygen very strongly.46 As such, it is very likely that in the structure 
reported here the SWCNTs will be a sink for some of the molecular oxygen adsorbed on TiO2 
and hence decrease the production of the detrimental deep trap sites. The thermal conductivities 
of SWCNTs will more effectively remove heat during operation which helps stability. 
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Figure 6. (a) Light and (b) long-term storage-stability of the devices fabricated with and without 
SWCNTs in the photoelectrodes. For the light-stability test, the cells were exposed to continuous 
light illumination (100 mW cm−2) in ambient conditions and the data were obtained in reverse 
scan direction at every 5 min. For the cell storage-stability in ambient environment, the 
 23 
fabricated devices were kept in the dark in ambient conditions for 500 h. The devices were not 
encapsulated for the stability test. In Y-axis (normalized PV parameters), PCE(in), Jsc(in), Voc(in) 
and FF(in) represents the initial (0 hr) PV values of the devices. 
 
Figure 6b illustrates the normalized PV parameters (Jsc, Voc, FF and PCE) of the PSC devices 
fabricated with and without SWCNTs in the photoelectrodes over 500 h (3 weeks). For the 
stability test, the unencapsulated devices were stored in the dark in ambient conditions at a 
relative humidity of >60% and were tested every 100 hours. While both devices degraded, the 
device with SWCNTs exhibited improved stability. In particular, the devices based on TiO2 NPs-
SWCNTs photoelectrodes preserved 45.5% of the initial PCE after aging for 500 h under humid 
environment, whereas the PSC fabricated without SWCNTs retained only 27% of its initial 
performance. In order to confirm this stability improvement in the PSC performance with 
SWCNTs in the photoelectrode, dark J-V characteristics and EIS analysis of unencapsulated 
aged (~250 h stored in ambient conditions) devices with and without SWCNTs were 
investigated. It was observed from the dark J-V measurements that the ideality factor of the TiO2 
NPs-SWCNTs photoelectrode based PSC is 1.94 which was lower than that (2.23) of the control 
cell. In addition, the Jsat values of the PSCs fabricated with and without SWCNTs 
photoelectrodes were 1.51 x 10-7 mA cm-2 and 1.37 x 10-6 mA cm-2, respectively. The Jsat 
difference between TiO2 NPs-only and TiO2 NPs-SWCNTs films based 250 h-aged PSCs was 
nearly 10 times, while the difference in their fresh devices was around 5 times. This clearly 
confirms that the SWCNTs not only enhance the PV performances of the PSCs, but they also 
improve the stability of the devices in ambient conditions. This finding was further confirmed by 
EIS analysis of the aged PSCs. As shown in Figure S4, the SWCNTs employed PSC device 
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showed a reduced Rct and an increased recombination resistance. In the aged devices, the Rct 
difference between the PSCs fabricated with and without SWCNTs was around 120 Ω, while the 
previously measured Rct difference for the freshly prepared PSC devices was only ~60 Ω (for 
both cases, SWCNTs based cells have lower Rct). The higher difference in the Rct of the PSCs 
with and without SWCNTs after aging is indicative of improved stability of the device with 
SWCNTs. 
Moreover, much higher SWCNT loading (0.50 wt%) in the TiO2 NPs film exhibited significantly 
enhanced cell stability under the same condition (relative humidity, RH > 60%) (see Figure S5), 
which further confirms that the employment of SWCNTs in the nanocrystalline TiO2 NPs 
photoelectrodes improves the long-term storage-stability of the PSC devices. We attribute this 
storage-stability enhancement of the SWCNTs incorporated devices to the wettability of the 
photoelectrode film (see Figure S6). We believe that the hydrophilic nature of the TiO2 film 
(Figure S6a) could have adsorbed some moisture before the deposition of perovskite, and the 
adsorbed moisture gradually degrades the perovskite over a period of time. On the other hand, 
the incorporation of SWCNTs in the TiO2 film might help decrease the amount of moisture 
adsorbed as compared to the TiO2-only film due to their greater hydrophobicity (Figure S6b). 
Clearly, lower amounts of moisture in the photoelectrode will cause a lower level of degradation 
of the perovskite. In addition, recently, Huang et al.47 reported that the polar nature of the water 
molecules causes the decomposition of perovskite structures and results in severe morphological 
changes (formation of pinholes and coarsening of the crystalline surface) in humid conditions. 
This was revealed based on SEM analysis that densely packed large perovskite grains change 
into relatively small grains after long-term storage under ambient conditions. Such 
morphological features such as pinholes, small grains and coarse surface would be detrimental to 
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the direct charge transfer between perovskite and TiO2. The TiO2 NPs-SWCNTs interface 
provides better connectivity with the perovskite and hence provides extra charge carrying 
pathways which will somewhat mitigate the changes in the perovskite structure. Ultimately this 
should extend the electron lifetime in the device helping maintain performance over longer time. 
Although this study clearly demonstrates that the application of SWCNTs in the PSC 
photoelectrodes play significant role in improving the device stability, the exact mechanism of 
stability improvement still remains to be explored in the future with experimental and theoretical 
investigations. We anticipate that further improvement in the device performance will be 
achieved by using chirality specific SWCNTs as it allows the precise tuning of electronic energy 
levels in the electrode. 
 
4. CONCLUSION 
In summary, we have produced a nanocomposite material comprising nanocrystalline TiO2 NPs 
and conductive SWCNTs to prepare photoelectrodes for highly efficient PSCs. We found that the 
incorporation of SWCNTs into the nanocrystalline TiO2 photoelectrodes significantly improves 
the electron transfer process and reduces the charge recombination rate, and thus results in the 
enhancement of Jsc. In addition, the Voc value of the PSCs was found to increase after introducing 
SWCNTs into the PSC photoelectrode due to the suitable band energy alignment. As a result, a 
remarkable PCE of 16.11% was achieved using the nanocomposite photoelectrode based PSC 
device. Importantly, we found that the use of SWCNTs in the PSC photoelectrodes reduces the 
anomalous hysteretic J-V behavior, while it also improves the light- and long-term storage-
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stability of the devices. Finally, our work provides clear guidance for future studies in 
incorporating nanocarbon materials in PV devices. 
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